Electrical conductivity and high dielectric constant are in principle self-excluding, which makes the terms insulator and dielectric usually synonymous. This is certainly true when the electrical carriers are electrons, but not necessarily in a material where ions are extremely mobile, electronic conduction is negligible and the charge transfer at the interface is immaterial. Here we demonstrate in a perovskite-derived structure containing five-coordinated Ti atoms, a colossal dielectric constant (up to 10 9 ) together with very high ionic conduction 10 −3 S.cm −1 at room temperature. Coupled investigations of I-V and dielectric constant behavior allow to demonstrate that, due to ion migration and accumulation, this material behaves like a giant dipole, exhibiting colossal electrical polarization (of the order of 0.1 C.cm −2 ). Therefore, it may be considered as a "ferro-ionet" and is extremely promising in terms of applications.
The perovskite structure was initially discovered in CaTiO 3 by Gustav Rose in 1839 and named after the famous mineralogist Lev Perovski. Ever since then, perovskites -as well as their derived structures -have demonstrated outstanding properties. These span for instance from ferroelectricity and piezoelectricity in BaTiO 3 and in Pb(Zr x Ti 1−x )O 3 [1] [2] [3] [4] , to unrivaled high critical temperature for superconductivity in the cuprates [5, 6] , and include also colossal magnetoresistance in the manganites [7] . Among the derived structures from perovskites, the M 2 Ti 2 O 5 family (with M an alkaline element) constitutes a peculiar class of materials. As a matter of fact, the titanium atoms in these materials are of 5-coordination, which initially raised the question of their structure and chemical stability in the sixties [8, 9] , and the structure is lamellar, with planes of pyramids separated by the alkaline elements. We present here the first electrical study of Rb 2 Ti 2 O 5 and demonstrate extremely unusual and interesting properties. In particular we show that, when oxygen vacancies are created in the material, the dielectric constant and the electrical polarization reach unprecedented values such as 10 9 and 0.1 C.cm −2 respectively, which we attribute to high ionic conduction of the order of 10 −3 S.cm −1 , together with extremely low electronic conductivity (lower than 10 −8 S.cm −1 ). These two combined properties make the material simultaneously a super-ionic conductor and an extremely good dielectric, promoting this material as an ideal candidate for applications, especially in supercapacitors.
Crystals of M 2 Ti 2 O 5 were synthesized using the technique described in the Supplemental Material. The crystals take the shape of long transparent needles of typical length about 1 mm. In Figure 1 is displayed the atomic structure of M 2 Ti 2 O 5 . This structure was known to be c2/m for M=K [8, 9] , and we have shown through X-Ray diffraction (XRD) experiments presented in the Supplemental Material that it is also the case for M=Rb. For the electrical measurements, we mostly focussed on Rb 2 Ti 2 O 5 samples. The electrical resistivity of the as-grown Rb 2 Ti 2 O 5 crystals was found to be extremely high (typically above 10 8 Ω.cm). However, after annealing under helium atmosphere at 400 K for a couple of hours, the resistance at 300 K went down by at least four orders of magnitude. We hereafter refer to this process as "activation" of the material and will discuss later a possible interpretation.
The material could be subsequently "deactivated" by annealing under oxygen atmosphere , which tends to indicate that the mechanisms at play are redox processes.
In 
Permittivity measurements
The dielectric constant as a function of temperature and frequency was also investigated and the results are displayed in Fig. 3 . The complex admittance of the sample was measured using a Solartron 1296 Dielectric interface and a Solartron 1260 impedance/gain phase analyser, and the corresponding equivalent dielectric constant r = / 0 was extracted. In Fig. 3a the real part of the dielectric constant is plotted in logarithmic units. It increases by up to six orders of magnitude from high to low frequency between 200 K and 320 K and reaches a value of more than 10 8 at 300 K at 0.01 Hz. The imaginary part of r , displayed in Fig. 3b is found to follow a similar behavior. In Fig. 3c are plotted the real and imaginary parts of r as a function of frequency for three different temperature values. While the curves are featureless at 170 K and 400 K, the curves at 300K exhibit two distinct regimes separated by a cut-off frequency ω C of about 10 Hz.
Remarkably enough, below this cut-off frequency, the imaginary and real parts of the dielectric constant seem to converge to the same frequency behavior approximately following 1/ √ ω (see Fig. 3c ). This observation is typical of ionic diffusion processes as described by Warburg In Fig. 4 .a is displayed another permittivity curve obtained under room atmosphere as function of frequency. In this case, the "Warburg" impedance element is slightly modified and a saturation effect for Re( r ) appears at low frequency. The curves indeed exhibits three distinct regimes: the saturation at low frequency, the Warburg regime with slope -1/2 and a conduction regime where Im( r ) has a slope -1 with log(f).
We are then able to propose an equivalent electrical model for the samples, which is pictured in the inset of Fig. 4 .a. In this equivalent circuit model, C max is the maximal capacitance that can be attained by the sample. This corresponds to the maximum of dielectric constant r ∼ 10 9 and describes a microscopic situation where all the negative ionic species are stacked at one edge of the crystal and the positive ionic species at the opposite edge. The polarization is then maximal. This is attained at extremely low frequency and for sufficient value of the electric field between these values allows to establish without any doubt that the origin of the hysteretic cycles and of the giant polarization is the presence of these extremely mobile ions.
Colossal permittivity due to ionic motion
The most salient feature of this new material is its colossal dielectric constant (up to 10 9 at low frequency under room atmosphere). This observation is corroborated by independent measurement of the electrical polarization through the I-V data that is also remarkably high and quantitatively consistent with the dielectric constant values.
This anomalously high value of the polarization suggests the existence of a macroscopic dipole in the sample. This dipole is shown to be related to ion displacements in the material as ion diffusion is attested by the presence of a Warburg element as explained above. It is established that this dipole is maximal between 200 K and 320 K, precisely in the range where the ionic conductivity extracted from the equivalent permittivity measurements is maximal. This macroscopic dipole can only exist provided the electrodes are ion-blocking. This has to be the case, since for any combination of electrodes, the presence of a giant moment and a Warburg element is observed. This
Warburg element corresponds to the local accumulation of charges that build up an electric field which corrects the external field. If the electrodes were not ion blocking, such a charge accumulation could not occur. In addition, for evaporated gold electrodes, that are specifically ion-blocking, the same results are obtained. (See Fig.6 in the Supplemental Material). Another condition for the observation of such a high dielectric constant is that at least two ionic species of opposite signs are involved in the process. If only one were at play, the high capacity would be in series with a low capacity, which would be detrimental to r . This may explain indeed why this material is the first ionic conductor where such a high dielectric constant is reported.
The fact that annealing under oxygen-depleted atmosphere strongly enhances the polarization and the dielectric constant and annealing under oxygen strongly decreases it (see Fig. 3 in Supplemental Material), points toward the role of oxygen vacancies. The presence of O vacancies is also highly suspected since reversible color changes are observed with annealing [14] (see the last paragraph in the supplemental material.) Candidates for the migrating ions are therefore the oxygen ions or vacancies but further work has to be carried out in order to decipher the exact nature of these ions. As a matter of fact, we cannot discard any possible contamination by water vapor during even brief exposure to atmosphere. This would open the possibility for other mobile ionic species such as protons or hydroxide ions, etc. . . In any case, the mobility appears to be 7 favored by the presence of oxygen vacancies. It is also necessary to understand the mechanism for suppression of motion above 330 K.
We also investigated the piezoelectric response of this material in order to confirm the existence of charge displacement and indeed evidenced local piezoelectric response. The results are shown in Fig. 12 of the Supplemental Material. Such response is indeed expected in any material exhibiting strong spontaneous electrical polarization whatever its microscopic origin.
Another titanate known for its high dielectric constant is CaCu 3 Ti 4 O 12 (CCTO) [15, 16] . In this compound, a giant dielectric constant (about 10 3 − 10 5 , so still 4 to 5 orders of magnitude smaller) and "relaxor-like" behavior has been evidenced and attributed either to internal barriers effects [17] or to the presence of oxygen vacancies [18] . However, in these previously discovered giant dielectric constant materials [15, 16, 19, 20] , the dielectric constant shows a conventional behavior without ionic diffusion processes such as Warburg elements.
The ionic conductivity σ I extracted from the I-V measurements is of the order of 10 −3 S.cm −1 at room temperature which makes this material a superionic conductor. The corresponding mobility is inferred to be 10 −3 cm 2 .S.V −1 . The electronic conductivity is estimated from the value of the resistance outside the temperature range where the material shows charge accumulation and is found to be lower than 10 −9 S.cm −1 . This extremely low electronic conductivity is consistent with band structure calculations presented in Fig. 5 in the Supplemental material that show that the material is electronically insulating with a gap of 3.53 eV. This proves that the reduction process due to annealing has negligible effect on the electronic doping which is at odds with what is observed in other perovskites (see e.g. [21] and references therein) or in memristive titanium oxide devices [22] .
It is this combination of extremely small electronic conductivity and relatively high ionic conductivity that makes the system behave like a giant dipole. This also implies that charge transfer at the electrode interfaces is negligible; the carriers are confined in the sample and then accumulate at the edges.
Why is the reported colossal dielectric constant not universal to all superionic conductors? As a matter of fact, the dielectric constant of most solid electrolytes is usually not reported to be very high. For instance sodium-beta-alumina has a dielectric constant along the c-axis, which is the non-conductive direction, of about ∼ 200 [23] . An explanation may be that, in order to protect the colossal dielectric constant, the electronic conductivity needs to be extremely small (and the charge transfer at the interfaces immaterial). In most of the oxygen conducting electrolytes for in-stance, the presence of vacancies is generally known to dope the system and increase its electronic conductivity, which is detrimental to due to possible screening from the electrons or holes. Recent results on a polymer-based solid electrolyte report a very high dielectric constant [24] , which could be explained by the above proposed mechanism, although no hysteretic behavior is reported to our knowledge. On the other hand some titanium-based perovskites have been reported to be good oxygen conductors [25] . Another explanation could be that the mechanism has to imply at least two different ionic species with charges of opposite signs, as demonstrated above.
The remarkable properties of this material make it interesting for applications, in particular for the realization of supercapacitors for energy storage [26, 27] . Its high ionic conductivity and very low electronic conductivity are particularly interesting for its use as a solid electrolyte. The above described properties were also observed on a ceramic, and work is in progress to characterize the ionic behavior in this material at the nanoscale [28] .
Conclusion
We have demonstrated a colossal dielectric constant (up to 10 9 , so 2 to 3 orders of magnitude larger than the current state-of-the-art in crystals) in a lamellar perovskite structure of chemical [1] A. Von Hippel, R.G. Breckenridge, F.G. Chesley, and Tisza L. High dielectric constant ceramics. Ind.
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